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Abstract

We report the quantification of ambient particle-bound polycyclic aromatic hydrocarbons (PAHs) for the first time using a real-time aerosol mass
spectrometer. These measurements were carried out during the Mexico City Metropolitan Area field study (MCMA-2003) that took place from
March 29 to May 4, 2003. This was the first time that two different fast, real-time methods have been used to quantify PAHs alongside traditional
filter-based measurements in an extended field campaign. This paper focuses on the technical aspects of PAH detection in ambient air with the
Aerodyne AMS equipped with a quadrupole mass analyzer (Q-AMS), on the comparison of PAHs measured by the Q-AMS to those measured
with the other two techniques, and on some features of the ambient results.

PAHs are very resistant to fragmentation after ionization. Based on laboratory experiments with eight PAH standards, we show that their
molecular ions, which for most particulate PAHs in ambient particles are larger than 200 amu, are often the largest peak in their Q-AMS spectra.
Q-AMS spectra of PAH are similar to those in the NIST database, albeit with more fragmentation. We have developed a subtraction method that
allows the removal of the contribution from non-PAH organics to the ion signals of the PAHs in ambient data. We report the mass concentrations
of all individual groups of PAHs with molecular weights of 202, 216, 226 + 228, 240 + 242, 250 + 252, 264 + 266, 276 + 278, 288 + 290, 300 + 302,
316 and 326 + 328, as well as their sum as the total PAH mass concentration.

The time series of the Photoelectric Aerosol Sensor (PAS) and Q-AMS PAH measurements during MCMA-2003 are well correlated, with the
smallest difference between measured PAH concentrations observed in the mornings when ambient aerosols loadings are dominated by fresh traffic
emissions. The Q-AMS PAH measurements are also compared to those from GC–MS analysis of filter samples. Several groups of PAHs show
agreement within the uncertainties, while the Q-AMS measurements are larger than the GC–MS ones for several others. In the ambient Q-AMS
measurements the presence of ions tentatively attributed to cyclopenta[cd]pyrene and dicyclopentapyrenes causes signals at m/z 226 and 250,
which are significantly stronger than the signals in GC–MS analysis of filter samples. This suggests that very labile, but likely toxic, PAHs were
present in the MCMA atmosphere that decayed rapidly due to reaction during filter sampling, and this may explain at least some of the differences
between the Q-AMS and GC–MS measurements.

© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are products of
ncomplete combustion formed during the burning or pyroly-
is of organic matter, and are released into ambient air from a
ide range of combustion sources, such as diesel and gasoline

ngines, biomass burning of agricultural and forest fuels, coal
ombustion, and wood smoke [1,2]. Fossil fuels such as gasoline
r diesel fuel also contain PAHs, which may escape the combus-
ion process [1]. Depending on their molecular weight (which
s inversely related to their vapor pressure), PAHs in ambient
ir will be found in the gas-phase (e.g., 2-ring naphthalene),
articulate phase (e.g., 5-ring benzo[a]pyrene), or will partition
etween gas- and particle-phases (e.g., 3-ring phenanthrene and
-ring pyrene) [3].

Due to the carcinogenicity and mutagenicity of certain PAHs,
he U.S. EPA has defined 16 “Priority PAH Pollutants” [2,4].

any PAHs, after metabolic activation, can induce lung and skin
umors in laboratory animals [5]. Very recently, benzo[a]pyrene
as classified as a Group 1 (“carcinogenic to humans”) car-

inogen and cyclopenta[cd]pyrene, dibenz[a,h]anthracene and
ibenzo[a,l]pyrene as Group 2 (“probably carcinogenic to
umans”) carcinogens [5]. Fine particles, with their adsorbed
urden of PAHs, can penetrate deeply into the human lung and
e deposited there, and have been associated with short and
ong term human health effects [6–9]. The toxicity of some
AHs and some of their atmospheric reaction products, coupled
ith the ability of fine particles to deliver these toxics to the
uman lung, makes the rapid detection of particle-phase PAHs
mportant.

Mass spectrometry (MS) coupled to gas or liquid chromatog-
aphy (GC or LC, respectively) has been extensively used in
he quantitative detection of particle-phase PAH in samples
reviously collected on filters. This type of analysis typically
equires significant sample preparation and is typically used
ith time resolutions of several hours to a day. A large liter-

ture exists on those types of analyses [e.g., 10]. Two types of
AH analysis methods have been reported that use real-time
r near-real time mass spectrometry. Off-line but quantitative
nd highly time-resolved (20 min) particle-phase PAH measure-
ents have been recently carried out by combining sampling
ith a rotating drum impactor and analysis by two-step laser
ass spectrometry (L2MS) [11,12]. Single-particle laser des-

rption/ionization (LDI) time-of-flight mass spectrometry has
een used for the on-line qualitative detection of PAHs from
oot particles [13,14] and vehicle exhaust [15–17]. In this
aper, we present the first real-time quantitative ambient mea-
urements of particle-phase PAHs that use an aerosol mass
pectrometer.

The Mexico City Metropolitan Area (MCMA-2003) field
tudy took place from March 29 to May 4, 2003. With the
articipation of many research groups and the use of an array
f advanced instrumentation, it represented the most complete

tudy of Mexico City’s atmosphere prior to the MILAGRO 2006
eld campaign. During MCMA-2003, particle-bound PAHs
ere measured by three different methods: (1) collection and
C–MS analysis of filter samples; (2) aerosol photoioniza-
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ion, a fast specific method of detecting PAHs on particles’
urfaces with a Photoelectric Aerosol Sensor (PAS); and (3)
erosol mass spectrometry (AMS), a rapid method of ana-
yzing particle size and chemical composition. In this paper,
e’ll use “PAH” for the general class of compounds, and

FPAH”, “SPAH” and “APAH”, respectively, to distinguish
etween particle-bound PAHs measured by the three methods.
detailed description and intercomparison of the MCMA-2003

otal particle-phase PAH ambient concentrations measured by
he three techniques, as well as a study of the PAH transfor-

ations in the Mexico City atmosphere, are given in a separate
ublication [18].

A recent laboratory study [19] has demonstrated the capabil-
ty of using the Q-AMS to detect PAHs in/on particles generated
n a laboratory propane flame. The AMS has been used exten-
ively in laboratory [e.g., 20–22] and both ground-based and
ircraft-based field studies [e.g., 23–27] to measure the concen-
ration of inorganic and organic aerosol species. However the
uantification and detection of PAHs in ambient air using an
MS has not been reported to our knowledge.
In this paper, we report the technical approach for PAH

etection in ambient air with the Aerodyne Q-AMS, includ-
ng the subtraction method developed to remove non-PAH
rganic interferences and its assumptions and limitations. The Q-
MS ambient spectra are compared with those measured when

ampling pure PAH standards and laboratory flame-generated
articles, as well as with NIST database spectra. We present
mission ratios of PAHs to other primary pollutants, comparison
f PAS and Q-AMS PAH time series, and detailed comparisons
etween PAH concentrations from GC–MS analysis of filter (and
lter/adsorbent) samples and the Q-AMS PAH measurements.
inally, we report the size distributions of PAHs with molecular
eights of 202 and 226.

. Experimental

The AMS allows real-time, size and composition analysis of
on-refractory submicron atmospheric aerosol particles (NR-
M1). Several versions of the Aerodyne AMS are available
t present: Q-AMS with a quadrupole mass spectrometer, C-
oF-AMS with a time-of-flight mass spectrometer [28] and a
R-ToF-AMS with a high resolution ToF mass spectrometer

29]. In this paper, we will use “Q-AMS” for the quadrupole
ased instrument (as used during MCMA-2003) and “AMS”
hen the statements are true for all AMS types. A detailed
escription of the Q-AMS like the one used during MCMA-2003
an be found elsewhere [23,30]. Briefly, particles are sampled
rom ambient pressure, and are focused using an aerodynamic
ens into a narrow beam and introduced into a particle sizing vac-
um chamber [31–34]. Particle vacuum aerodynamic diameter
22,35] is determined by measuring the time it takes a particle to
each the detector after passing a particle chopper shortly after
he end of the lens. Next, particles impact on a heated surface

t ∼600 ◦C, leading to flash vaporization followed by electron
mpact (EI) ionization of the vapor molecules, which produces
ositive ions. Finally, particle chemical composition is obtained
y the analysis of the ions by a quadrupole mass spectrometer
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Balzers QMA 410). Mass discrimination for this quadrupole
ass spectrometer is negligible below m/z 330 according to the
anufacturer.
During the MCMA-2003 campaign a Q-AMS was located

t the highly instrumented “Supersite” housed in the building
f National Center for Environmental Research and Education
“Centro Nacional de Investigación y Capacitación Ambiental”
r CENICA). CENICA is located at the Universidad Autónoma
etropolitana campus Iztapalapa (UAM-I) in the south east

f Mexico City. Q-AMS data were recorded every four min-
tes. The detailed description of Q-AMS operation, calibrations
nd overview of the results during MCMA-2003 are presented
y Salcedo et al. [36]. The time series of all APAH data pre-
ented in this paper have a 4-point boxcar smoothing applied to
educe high-frequency noise in the data. All the data presented
n this paper are shown in local time and at local temperature
nd pressure conditions.

During MCMA-2003, PAHs were also measured with two
ther methods: PAS and GC–MS analysis of filter samples.
hese methods and their application to this study have been
escribed in detail elsewhere [18]. Briefly, in aerosol photoion-
zation the aerosol sample is exposed to ultraviolet light from an
xcimer lamp at 207 nm, causing PAHs on the surface of particles
o photoemit electrons. The ejected electrons are removed by an
lectric field, and the positively charged particles are trapped on
filter, generating a current that is measured by an electrometer.
high-volume air sampler equipped with a Teflon-impregnated

lass fiber filter and two polyurethane foam plugs (PUFs) in
eries beneath the filter and without a denuder or size-selective
nlet was used to collect particle-associated and semi-volatile
as-phase PAHs, respectively. These filters and PUFs were ana-
yzed by GC–MS for PAHs of MWs 202, 216, 226, 228, 240,
42, 252, 276 and 300 for 2 days overlapping with the Q-AMS
easurements, on April 27 and on April 29, 2003. Filter samples
ere collected during four consecutive time periods: morning

amples from 7 a.m. to 11 a.m., day samples from 11 a.m. to
p.m., evening samples from 4 p.m. to 9 p.m., and night samples

rom 9 p.m. to 7 a.m.
Laboratory Q-AMS experiments were also performed for

he following eight PAH standards: pyrene (98%, Aldrich), 2,3-
enzofluorene (98%, Aldrich), 1-methylpyrene (>97%, Fluka),
riphenylene (98%, Aldrich), 10-methylbenz[a]anthracene
Sigma–Aldrich), benzo[e]pyrene (99%, Aldrich), benzo[ghi]
erylene (98%, Aldrich) and coronene (99%, Aldrich). Each
f the eight PAH standards was dissolved in 2-propanol (Iso-
ropanol UN1219 suitable for electronic use, Fisher Scientific),
tomized (TSI 3076 Constant Output Atomizer), dried with
hree silica gel diffusion driers in series and introduced into the
-AMS. The vaporizer was maintained at the standard AMS

emperature of ∼600 ◦C when sampling these PAH standards.
ith the same Q-AMS instrument, we measured the relative

onization efficiencies (RIEs) of the 1-methylpyrene, tripheny-
ene and 10-methylbenz[a]anthracene PAH standards. The same

nstrumental set-up as above was used, with the addition of an
lectrostatic Classifier (TSI 3080) for the selection of 350 nm
obility diameter particles, and a Condensation Particle Counter

TSI 3022A).
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e
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. Results and discussion

.1. Determination of PAH concentrations from Q-AMS
ata

.1.1. Laboratory PAH standards and flame Q-AMS spectra
Aromatic rings such as those in PAHs are very resistant to

ragmentation after ionization due to the stabilizing effects of
heir delocalized �-electrons [37]. Thus, the molecular ion is
ormally observed with significant intensity, even with a rela-
ively hard ionization technique such as electron impact (EI). The
I mass spectra of PAHs generally consist of intense molecular

on peaks, smaller ions due to the loss of one to four hydrogen
toms, and doubly charged ions with about 20% of the abun-
ance of the molecular ion [38]. The molecular ions of most
AHs present in the particle phase in ambient air are larger
han 200 amu [2]. In a Q-AMS, if the species are vaporized
ntact, their mass spectra are generally similar to the standard EI
pectra such as in the NIST database [39]. However, due to the
igher internal energy acquired during vaporization in the AMS
r to decomposition of thermally labile species during the vapor-
zation process, the spectra observed in the AMS for various
rganic species may show greater fragmentation than standard
I spectra [40]. In order to examine the fragmentation behavior
f PAH in the Q-AMS mass spectra, we carried out laboratory
xperiments with pure particles of eight PAH standards. Fig. 1
ompares the laboratory Q-AMS and NIST database mass spec-
ra of pyrene, 1-methylpyrene and 2,3-benzofluorene. Similar
omparisons for the other five PAHs mass spectra are presented
n the Supplementary Information (Figures SI-1 and SI-2). The
-AMS spectrum of pyrene is very similar to the NIST database

pectrum. Both Q-AMS and NIST database spectra show the
ame most intense m/z (“base peak”) and group of peaks, but
he Q-AMS spectra shows greater fragmentation. The increase
n fragmentation with the Q-AMS versus NIST mass spectra was
bserved for all PAH, and is analyzed quantitatively in Section
.1.5. Enhanced PAH fragmentation has also been observed in
aser Microprobe Mass Spectrometry (LMMS) where a laser
ulse causes sample ablation and ionization [41].

PAHs with an odd number of carbons (“o-PAHs”) cannot
e completely conjugated and are generally less stable [42]
nd less abundant in soot [43] (see Table 1 for examples). o-
AHs can be either methyl-substituted fully benzenoid PAHs
e.g., 1-methylpyrene) or contain a CH2 group, generally in a
-membered ring (e.g., benzofluorenes). In standard EI mass
pectra, methyl-PAHs show more intense [M − 1] fragments
han the fully benzenoid PAHs do, and methylene structures
such as fluorene) show [M − 1]/M ratios around unity [44].
he Q-AMS spectra of 1-methylpyrene and 2,3-benzofluorene

n Fig. 1b and c are similar to the NIST database spectra with the
ame groups of peaks present and significantly larger fragmen-
ation. However there is another important difference: the base
eaks are not the molecular ions, but the molecular ions minus

ne. The increased importance of the [M − 1] peak resulting
rom H loss of the molecular ion, that often becomes the base
eak, is observed for all o-PAHs analyzed by the Q-AMS. This
ffect was also observed in analysis of particle-bound PAHs pro-
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ig. 1. Left: pyrene, 1-methylpyrene and 2,3-benzofluorene laboratory mass s
catter plots between the AMS and NIST database mass spectra of PAH standar

uced in a laboratory propane flame [19]. These o-PAHs also
eem to be fragmenting in the same manner in our ambient mea-
urements. Some of these o-PAHs (such as benzo[c]fluorene
t MW = 216) have been shown to be toxic and carcinogenic
45]; thus, it is important to include them in the total PAH mass
oncentrations measured.

.1.2. Non-PAH organic interference subtraction procedure
Zhang et al. [46] have recently shown that the AMS organic

pectrum at high m/z ratios in an urban area was dominated
y primary combustion emissions. EI ionization is not specific
o PAHs, and fragments of other organic species can also be
resent at the same m/z values as the PAH ions. For example,
ong-chain alkanes, branched alkanes, or alkyl aromatics are
nown to comprise a significant fraction of the organic aerosol
ass in vehicle exhaust [47–49]. These species can produce

any different fragments above m/z 200. Thus, ions from PAHs

nd various non-PAH organics in a Q-AMS mass spectrum can
verlap at the same integer m/z ratios. The Q-AMS used dur-
ng MCMA-2003 has unit m/z resolution, and thus is not able

a

(

for NIST database and for pure standards sampled with the Q-AMS. Right:

o directly separate the PAH and aliphatic signals at the same
/z. For this reason we have developed a subtraction method to

stimate the contributions of PAH and non-PAH organics to the
ignal at a given m/z.

This method is based on the observation that ambient non-
AH organics in urban areas produce a relatively predictable
MS spectral pattern above m/z 200 where peak intensity decays
onotonically as m/z increases with most peaks not sticking out

ignificantly above their neighbors [46]. Odd m/z peaks typi-
ally have higher signal levels than even m/z peaks due to the
ragmentation properties of hydrocarbons [37], but the envelope
f both series stays approximately parallel to each other as the
ignal decreases towards high m/z. Ion signals from PAH are
added” on top of this regularly decreasing pattern. This allows
he approximate subtraction of the contribution from non-PAH
rganics to the ion signals of the PAHs according to the following

ssumptions and approach:

a) The non-PAH organic signal in the vicinity of a particular
PAH molecular ion decreases monotonically with m/z and
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Table 1
Examples of structures, common names, empirical formulas and molecular weights of PAHs that partition into the particle phase

Structure Common name Empirical
formula

Molecular weight
(g mol−1)

April 29, 2003 7–11 a.m. average FPAH mass conc.
(ng m−3)
Filter (PUF)

Pyrene C16H10 202 1.9 (10.3)

Fluoranthene C16H10 202 1.4 (7.8)

Acephenanthrylene C16H10 202 0.3 (1.4)

1,2-Benzofluorene (11H-benzo[a]fluorene) C17H12 216 0.3

2,3-Benzofluorene (11H-benzo[b]fluorene) C17H12 216 0.2

1-Methylpyrene C17H12 216 0.1
4 additional FPAH peaks: 0.5
(Total 216 on PUF: 3.3)

Benzo[ghi]fluoranthene C18H10 226 2.0

Cyclopenta[cd]pyrene C18H10 226 2.2

Benz[a]anthracene C18H12 228 1.6

Chrysene C18H12 228 Chrysene + Triphenylene: 2.6

Triphenylene C18H12 228

Methylbenzo[ghi]fluoranthene C19H12 240 Up to 3 FPAH peaks: 0.6

10-Methylbenz[a]anthracene C19H14 242 Up to 10 FPAH peaks: 1.8

Corannulene C20H10 250 See discussion in Section 3

Dicyclopenta[cd,mn]pyrene C20H10 250

Benzo[b]fluoranthene C20H12 252 Benzo[b]fluoranthene + Benzo[j]fluoranthene +
Benzo[k]fluoranthene: 6.3

Benzo[j]fluoranthene C20H12 252

Benzo[k]fluoranthene C20H12 252

Benzo[e]pyrene C20H12 252 3.2
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Table 1 (Continued )

Structure Common name Empirical
formula

Molecular weight
(g mol−1)

April 29, 2003 7–11 a.m. average FPAH mass conc.
(ng m−3)
Filter (PUF)

Benzo[a]pyrene C20H12 252 3.4

11H-Cyclopenta[ghi]perylene (*) C21H12 264

4H-Benzo[hi]chrysene (*) C21H14 266

Indeno[1,2,3-cd]pyrene C22H12 276 5.3

Benzo[ghi]perylene C22H12 276 12.9

1H-Benzo[ghi]cyclopenta[pqr]perylene (*) C23H12 288

9H-Indeno[1,2-e]pyrene (*) C23H14 290

Coronene C24H12 300 4.7

Benzo[a]perylene (*) C24H14 302

Indeno[1,7-ab]triphenylene (*) C24H14 302

15H-Benz[4,5]indeno[1,2-l]-phenanthrene (*) C25H16 316

Dibenzo[a,ghi]perylene (*) C26H14 326

Phenanthro[3,4-c]phenanthrene (*) C26H16 328

E mass
t 003 m

(

xcept with those marked with an asterisk (*), all have been detected in GC–MS
he mass concentrations of several FPAH quantified by GC–MS in a April 29, 2
has an approximately linear trend, in two separate series for
even and odd m/z values.

b) The non-PAH signal at the PAH molecular ion (MI) peak,
as well as at four m/z values below the MI (based on
spectra of filter-collected PAHs during MCMA-2003 (FPAH). As an example,
orning sample are given.
the observed fragmentation pattern in laboratory spectra
described above) is estimated by weighted average of the
signal at four neighboring peaks (two above and two below
this group of peaks) to which PAHs are known not to pro-
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duce an ion signal. The estimation of the organic signal at
even PAH m/z values includes only even organic peaks, and
the estimation of the organic signal at odd PAH m/z val-
ues includes only odd organic peaks. The weighted average
takes into account the distance between the PAH and non-
PAH m/z’s used. The detailed description of the procedure
is given in Appendix 1 (Supplementary Information).

c) The signals attributed to PAHs at the molecular ion peak
and at four m/z values below are estimated as the difference
between the total signal at the known m/z of PAH peaks and
the estimated non-PAH organic signal at those peaks.

d) For each pair in the groups of PAHs with MWs 226 + 228,
240 + 242, 250 + 252, 264 + 266, 276 + 278, 288 + 290,
300 + 302 and 326 + 328, we cannot distinguish the contri-
butions of each group to several of the m/z’s. Thus, we report
the mass concentrations of those PAHs as the sum of both
MW groups of PAHs in the pair.

e) The PAH signal at one m/z above the larger molecular ion
of each group of PAHs is estimated as the 13C isotopic
contribution from the PAH signal at its molecular ion [37].

These subtraction and fragmentation rules are implemented
n the Q-AMS data analysis software using the “fragmentation
able” approach of Allan et al. [50]. The detailed formulae are
iven in Appendix 2 (Supplementary Information). The signals
t each group of peaks are summed to produce the total signal for
ll PAHs of given molecular weights, which for the AMS should
e proportional to their mass concentration [23]. Finally, the sig-
als from PAHs of all molecular weights are added together
o produce the total PAH signal. Only 4-ring or larger (i.e.,

W > 200) PAHs have been added to the total AMS PAH mass
oncentration in this study.

In a recent AMS study of industrial process effluents it was
bserved that the non-PAH organics had a strong 14-amu series
F. Drewnick, Max Planck, pers. comm., 2006], which is very
ifferent from what we observed during MCMA-2003. The gen-
ral subtraction approach developed here should still be appli-
able to such data, although the detailed subtraction rules might

eed to be adapted to the features of the non-PAH background.

Even though their presence in ambient particles is suspected
ased on inspection of some source or ambient spectra, PAHs
ith MW 152, 166 and 190 have not been added to the total AMS

r
(
Q
i

ig. 2. Comparison of the total (PAH + Organics) Q-AMS mass spectra of PAH-do
verage rush hour PAH Q-AMS mass spectra (all MCMA-2003 5 a.m.–9 a.m. periods
ass Spectrometry 263 (2007) 152–170

AH mass concentration in this study. These 2- and 3-aromatic
ing PAHs tend to reside in the gas-phase, so that a smaller frac-
ion of their concentrations is in the particle phase. Their PM
oncentrations can in some cases be comparable to the PAHs of
igher molecular weights due to their higher overall concentra-
ions [2]. However their direct estimation from Q-AMS spectra
sing subtraction rules would be more uncertain, as these peaks
re surrounded by a larger and more variable non-PAH organic
ignal than PAHs above m/z 200. Gas-particle partitioning the-
ry [51] has been shown to accurately predict the gas/particle
artitioning of PAHs [e.g., 52]. In order to estimate the contribu-
ion of 2- and 3-aromatic ring PAHs to the total particulate PAH

ass loadings we have used partitioning theory with the temper-
ture minimum during the whole MCMA-2003 AMS sampling
eriod (11 ◦C, in order to find the maximum partitioning to the
article phase), the average organic mass measured (20 �g m−3)
nd an assumed activity coefficient of 1. The calculated percent
f particle-phase partitioning for 2-ring naphthalene and 3-ring
henanthrene is 0.01% and 4.46%, respectively. Compared to
he naphthalene and phenanthrene highest measured gas-phase
oncentrations [Arey, Reisen and Bethel, unpublished data] for
he morning of April 29, 2003 of 5000 ng m−3 and 45 ng m−3,
espectively, the upper limits for their particulate mass loadings
ill account for 0.5 ng m−3 and 2.0 ng m−3, respectively. By

omparison with the PAH levels reported by Marr et al. [18] and
ater in this paper, we conclude that the partitioning of 2- and
-aromatic ring PAHs is a very small fraction (a few percent at
he most) of the total particulate PAH mass loadings during this
tudy. Thus, the APAH concentrations reported here should be
epresentative of the total particle-phase PAH.

.1.3. Results of the interference subtraction procedure
Fig. 2 compares mass spectra of PAH-dominated particles

enerated in a laboratory propane flame study [19] and the aver-
ge rush hour PAH mass spectra (all MCMA-2003, 5 a.m.–9 a.m.
eriods) obtained using the subtraction rules just described.
here is a good correlation (r2 = 0.72) between these two labo-
atory and ambient mass spectra, which is reduced significantly
to r2 = 0.36) if the subtraction procedure is not applied to the
-AMS data. The similarity between the two spectra and the

ncrease in r2 after applying the subtraction procedure support

minated particles generated in a laboratory propane flame study [19] and the
).
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Table 2
Main statistical parameters for the total and modified total (APAH and APAH*, respectively) AMS PAH concentrations and its contributing PAH groups

MW of APAH Average Standard deviation Median Maximum Minimum % of negative APAH 1-h DL (3 × �)

Total APAH 58.5 65.7 42.7 1593.4 −61.3 5.1 15.4
Total APAH* 34.5 46.9 24.3 1348.0 −70.7 8.1 8.0

202 11.4 14.1 9.1 279.0 −116.3 10.5 4.4
216 9.4 10.2 7.7 174.5 −49.6 10.0 4.1
226 + 228 10.2 17.5 6.8 419.7 −81.7 17.8 4.6
240 + 242 10.8 15.3 6.9 147.0 −33.5 14.0 5.9
250 + 252 5.8 11.6 4.1 312.0 −42.8 24.9 5.9
264 + 266 1.6 6.8 1.3 121.6 −44.1 39.4 4.5
276 + 278 4.6 9.9 3.3 256.2 −24.8 27.4 4.3
288 + 290 0.6 6.0 0.5 75.6 −33.8 45.7 6.1
300 + 302 2.5 6.5 1.9 122.7 −72.1 31.6 3.5
316 0.8 3.6 0.7 25.6 −15.7 41.2 3.0
326 + 328 1.2 5.4 1.1 51.2 −23.9 40.9 5.9
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ll results are in units of ng m−3. The statistical analysis was carried out for t
pprox 4 times larger than for 1-h data. The minimum values sometimes exceed

hat the Q-AMS is capable of measuring particulate PAH in
mbient air.

If PAHs were not present in concentrations detectable with
he Q-AMS, the application of the subtraction procedure should
roduce as many negative as positive concentrations, due to the
ominant influence of noise in that situation. The fraction of
egative APAH concentrations is inversely proportional to the
PAH concentration (Figure SI-3), and is only large for those

AHs whose average concentrations are similar to their detec-
ion limits (Table 2 above). The total PAH (sum of all MWs) and
he modified total PAH (sum of PAHs with molecular weights
02, 226 + 228, 250 + 252, 276 + 278 and 300 + 302) contain
nly 9% or less negative signals. The modified total (APAH*) is
sed for the comparison with the results of PAS measurements
SPAH). It excludes PAH signals for APAHs with MWs of 216,
40 + 242, 264 + 266, 288 + 290, 316 and 326 + 328 as the pho-
oionization instrument’s calibration does not account for such
pecies [18]. Note that the negative concentrations need to be
veraged with the positive ones in the calculation of PAH con-
entrations, as otherwise a positive bias would be introduced.
he dominance of positive concentrations indicates that there

s excess signal above the non-PAH organic background at the
haracteristic fragment ions of the PAHs, and thus that the Q-
MS is capable of detecting these species in ambient air, even in

he presence of a non-PAH organic background. The current Q-
MS detection technique is not capable of distinguishing among
arious PAH isomers that have the same molecular weight. The
ew ToF-AMS instruments should be able to obtain additional
nformation on ambient PAHs. The C-ToF-AMS will allow for
he subtraction method to be applied to the size distribution
ata, while the high-resolution ToF-AMS may allow to directly
uantify PAH and non-PAH signal for individual m/z values.

Fig. 3 illustrates this subtraction method by showing the
verage mass spectra of PAHs on top of the non-PAH organic

ackground during different periods of MCMA-2003. Fig. 3a
hows the average mass spectrum for the period with the high-
st PAH mass concentrations measured during this study. The
AH peaks are distinctively above the non-PAH organic baseline

t
F
t
h

oint smoothed 4-min data. Note that the detection limit for the 4-min data is
-min detection limits, due to non-Gaussian effects on the noise distribution.

ignals. The early morning (5–9 a.m.) average spectrum for the
hole campaign (Fig. 3b) indicates that the high PAH concentra-

ions during the morning rush hour cause distinct PAH signals to
ppear above the non-PAH organic baseline signal. In contrast,
uring the lowest PAH concentration periods (2 p.m.–6 p.m.,
ig. 3c), the estimated PAH signal is small, with an intensity
imilar to or smaller than the estimated non-PAH organic at
he main PAH m/z values. Note that, even though the relative
ncertainty in the reported PAH concentration is significant in
his later case, the Q-AMS is still providing valuable negative
nformation: the concentration of particle-phase PAHs is small,
hich is consistent with the SPAH and FPAH data discussed

ater in the text. Fig. 3d shows the average mass spectrum for
he whole MCMA-2003 at CENICA.

Particle-associated PAH species determined by GC–MS anal-
ses to be present during the MCMA and that should be measur-
ble with the Q-AMS are shown in Table 1. The APAH detection
imits (DLs), average mass concentrations, fraction of negative
umbers and other statistical parameters are given in Table 2.
he APAH DLs were estimated as three times the standard devi-
tion of the reported concentrations in several periods when the
-AMS was sampling ambient air through a filter. One hour DLs

re in the range 3–6 ng m−3 for the individual groups of APAHs
ith the same MW, and 15 and 8 ng m−3 for the total (APAH)

nd modified total (APAH*) concentrations, respectively.

.1.4. Detailed comparison of the groups of peaks around
olecular ions
In order to further examine the performance of the Q-AMS

AH subtraction procedure, we have compared the group of
eaks around the molecular ion for PAHs in the NIST database
selecting those reported by GC–MS for MCMA-2003, Table 1),
ith those from Q-AMS analysis of pure laboratory particles

nd with the ambient Q-AMS mass spectra (after subtrac-

ion of non-PAH background as described in Section 3.1.2) in
igures SI-4 and SI-5 in the Supplementary Information. Note

hat PAHs of MWs other than those of the pure standards used
ere may also be present in the ambient spectra, as discussed
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Fig. 3. Examples of the non-PAH organic signal subtraction method used with Q-AMS measurements to estimate PAH signal in ambient mass spectra. (a) shows
PAH peaks above the non-PAH organic baseline signals for the average mass spectrum of the highest PAH mass concentrations measured during MCMA-2003 at
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ENICA, during April 13, 2003, from 6:40 a.m. to 6:46 a.m. (b and c) show th
a.m.–9 a.m. periods, corresponding to early morning rush hour (high PAH co

which typically had the lowest PAH concentrations). (d) shows the CENICA a

elow. For most spectra there seems to be a consistent pattern
f the group of ion peaks around the molecular ion. The NIST
atabase spectra of fluoranthene and pyrene in this region are
ery similar (Figure SI-4a). Normalized to the molecular ion at
/z 202, the 13C isotope peaks are similar for all spectra. The

M − H] and [M − H2] peaks are more abundant for all the Q-
MS pyrene laboratory spectra than those for the NIST database
yrene spectrum. This is consistent with the enhanced fragmen-
ation in the AMS described above. Similar patterns are observed
n Figures SI-4b–4d and SI-5a–5d for PAHs of other MWs. The
eaks from ambient spectra are similar to those from the Q-AMS
tandards. The main exception to this pattern appears for PAHs
f MW 252 (Figure SI-4c), where the Q-AMS PAH signals at
/z 250 are much higher for both ambient spectra and especially

he flame spectrum. The Q-AMS spectrum of benzo[e]pyrene
tandard (shown in Figure SI-4c) does show greater fragmenta-
ion than the NIST database spectrum at m/z 250, but not to the

egree seen in the ambient and especially the flame spectra. It is
ossible that PAHs of MW 250, such as corannulene or a dycy-
lopentapyrene, are present in the flame and ambient samples,
hich are not being accounted for in this comparison.

t
c
i
v

rage mass spectra for selected time periods of MCMA-2003: (b) shows for all
ations), and (c) for all 2 p.m.–6 p.m. periods, corresponding to late afternoons

e mass spectrum for the MCMA-2003.

.1.5. Quantification of Q-AMS PAH concentrations
This section describes the data and procedures needed to con-

ert the Q-AMS PAH signals into mass concentrations. PAH
ragments and multiply-charged ions will also be present at m/z
alues below 200, which we cannot quantify directly in ambi-
nt spectra with unit m/z resolution since they are buried in the
ignificantly larger organic signals at lower m/z. Generally, the
erturbation introduced by the PAH fragments into the mass
pectrum at m/z values below 200 will be very small since on
verage the PAH mass concentration represents less than 1% of
he ambient total organic mass concentration (during MCMA-
003 PAHs comprised 0.27% of the Q-AMS average organic
ass conc.). The mass concentration of a species in the AMS is

roportional to the sum of the signal at all of its ion fragments
23]. Thus, in order to account for the total PAH signal measured
ith the AMS we need to correct the PAH signal measured above
/z 200 with a factor to account for the signal contribution of
he multiply charged ions and low m/z fragments. The quantifi-
ation of the degree of PAH fragmentation (and doubly-charged
ons) for NIST database and Q-AMS laboratory PAH spectra
ersus MW is given in Figure SI-6. We define the PAH frag-
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entation factor (FF) as the ratio of the total signal from a pure
AH summed for all m/z values, to the summed signal from
he main group of peaks around the molecular ion. FF allows
he estimation of the total PAH ion signals for ambient Q-AMS
ata for which only the main group of peaks are available. For
he Q-AMS spectra of eight PAHs we obtain an average FF
f 1.89 ± 10%. Repeating this analysis for the NIST database
pectra of the same eight PAHs (also shown in Figure SI-4), we
btain an average FF of 1.50 ± 18%, indicating more fragmen-
ation in the Q-AMS (as expected from the higher vaporization
emperatures). Note that there is less scatter around the regres-
ion line for the Q-AMS data than for the NIST data, likely
ue to the use of a single instrument for the Q-AMS versus
any different mass spectrometers for NIST database. There is
molecular weight dependence of fragmentation factor for both
-AMS and NIST database spectra: the heavier the PAH, the
ore signal is accounted for by fragments and doubly-charged

ons. Thus, we have used a different FF for each group of PAHs
t a given MW, calculated as: FF = (553.3 + 5.6 × MW) × 10−3,
iving the range of PAH FFs of 1.69–2.40.

Besides this fragmentation correction, the relative ionization
fficiency (RIE) with respect to nitrate is also needed to calcu-
ate mass concentrations from the AMS data [23,53]. We have
sed the value of 1.35 measured for pure pyrene particles in
recent Q-AMS laboratory calibration [19], and the results of

aboratory calibration experiments of selected PAH standards
ith the same Q-AMS instrument used during MCMA-2003.
he measured PAH RIEs are given in Figure SI-7. We used dif-

erent RIEs for each group of PAHs at a given MW, calculated
s: PAH RIE = 0.12∗ × √

PAH MW, giving the range of PAH
IEs of 1.63–2.08. The square root dependence is expected due

o the longer residence time of heavier PAHs in the ionization
egion. Marr et al. [18] used a constant FF of 1.77 and a con-
tant RIE of 1.35 to obtain the AMS PAH mass concentrations.
pplying different FFs and RIEs to each group of PAHs with the

ame MW decreases the mass concentration of total APAH by
7% when compared to those obtained by applying the constant
F and RIE values of 1.77 and 1.35, respectively.

.1.6. Signal and uncertainty analysis
In order to estimate the average uncertainty introduced by

he interference subtraction procedure for non-PAH organics,
e analyzed the MS signals at the m/z values assigned to the

AHs and their signal to noise ratios (SNRs). Fig. 4a shows that
he average estimated PAH fraction over the entire campaign,
alculated as (estimated PAH signal)/(total signal) at each m/z,
s ∼50% for most molecular ion peaks. The average estimated
on-PAH organic mass concentrations for all m/z values between
98 and 300 (Fig. 4a) shows a uniform downward trend (with the
ven/odd pattern described above) after subtraction of the esti-
ated PAH signal. This indicates that the subtraction method

sed here works reasonably well, i.e., there is no indication of
significant positive or negative bias in the trends of the non-
AH organic spectrum after applying the subtraction procedure.
he signal-to-noise analysis presented in Fig. 4b shows that the
verage signal at the PAH m/z values peaks is steadily declin-
ng as m/z increases. The noise decreases due to the decrease

t
1
a
u
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n the ionic background in the Q-AMS with increasing m/z,
lbeit more slowly than the decrease in signal (approximately
roportional to the square root of the signal due to Poisson ion
ounting statistics, and also influenced by electronic noise which
oes not depend on m/z). Thus, the SNR decreases significantly
ith increasing m/z, although it remains above the detection

imit (SNR = 3) for all peaks for this long average of the whole
ampaign.

The uncertainties in the estimation of the non-PAH interfer-
nce will be an important factor limiting the absolute precision
nd accuracy achievable by the Q-AMS for PAH detection. How-
ver, note that this is not a situation where we are subtracting
wo large numbers to produce a small number, in which case
he precision of the small number would be poor. Rather the
on-PAH organic background and the PAH concentrations are
bout equal on average for the m/z’s that contribute most of
he PAH signal. The background subtraction method has lower
ncertainty when (1) PAH concentrations are higher since SNR
s higher; and (2) PAH signals are larger relative to the non-PAH
rganic signals, since then the subtraction is a small fraction of
he total signal at the main PAH m/z values. We have estimated
he uncertainty due to the subtraction procedure, based on the
ropagation of uncertainty from the estimated noise in each m/z
from Allan et al. [54]). The estimated average uncertainty due to
he subtraction procedure for the total APAH is 27%. One hour
ncertainties are in the range of 1.7–2.4 ng m−3 for the individ-
al groups of APAH with the same MW, and 7 and 5 ng m−3 for
he total and modified total APAH concentrations, respectively.
he detailed description of the uncertainty calculation is given in
ppendix 3.
We have also attempted to determine whether some expected

AH reaction products could produce a detectable signal
n the Q-AMS. The products we considered are PAH-
uinones (MW = single PAH + 30), hydroxy-PAH (MW = single
AH + 16), and finally selected nitro-PAHs (MW = 247, 273, and
97). The signals from these species are expected to be very low,
ue to the low concentrations of these PAH reaction products,
hich are expected to be ∼100 times smaller than PAH levels.
hus, on average we would expect these species to contribute
nly ∼1% of the total Q-AMS signal at the m/z’s of their molecu-
ar ions. For example, the range of mass concentrations measured
uring MCMA-2003 by GC–MS analysis of filter samples for 2-
itrofluoranthene, 2-nitropyrene and 1-nitropyrene were, 7–185,
–114 and 1–23 pg m−3, respectively [Arey, Reisen and Bethel,
npublished data]. The non-PAH organic signal at those peaks
ould be expected to contribute ∼99% of the signal. Indeed

hese m/z’s do not stick out from the neighboring peaks. We
onclude that the Q-AMS was not capable of measuring these
AH reaction products in ambient air during MCMA-2003.

In summary the Q-AMS should be capable of providing a
uantitative measurement of PAH mass concentrations in the
mbient aerosol, limited by the uncertainties in the subtraction
f the interference of non-PAH organics (±27%, 1σ), in the frac-

ion of low m/z fragments and multiply charged ions (±10%,
σ), in the ionization efficiency relative to nitrate (±19%, 1σ)
nd in the AMS particle collection efficiency (+10%/−30% total
ncertainty) [36]. Adding these independent sources of uncer-
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ig. 4. Analysis of the average MCMA-2003 PAH and non-PAH signals for ions
ignal), where total signal refers to the sum of PAH + non-PAH organic signals
oncentrations for all m/z values between 198 and 300. (b) shows the average
alues. Signal at m/z 279 likely originates from phthalates.

ainty in quadrature we obtain total uncertainty bounds of +35%
nd −38% (1σ) for the APAH concentrations.

.2. Q-AMS measurements of particle-bound PAHs during
CMA-2003

Fig. 5 shows the time series of the PAS SPAH and modi-
ed AMS APAH (APAH*, see Section 3.1.3.) measured during
CMA-2003. As described in detail by Marr et al. [18], the
PAH* and SPAH are clearly correlated and show not only

arge diurnal variations but also short-term spikes. However the
PAH* and SPAH absolute values are not the same: the APAH*

ass concentrations are often higher than SPAH during periods
ith lower PAH mass loadings. During the traffic emission peri-
ds in the mornings, the relative difference between APAH* and
PAH values becomes smaller or vanishes altogether. See Marr

t al. [18] for a more detailed comparison and a discussion of
he observed differences and their possible causes.

During MCMA-2003, the largest particle-phase PAH load-
ngs are observed during periods dominated by traffic emissions

a
t
m
i

m/z 198. (a) shows the estimated PAH fraction as (estimated PAH signal)/(total
each m/z. Also plotted are the average MCMA-2003 non-PAH organics mass
S MCMA-2003 total signal, noise, and signal-to-noise ratio at the PAH m/z

n the mornings. Thus, PAHs should be correlated with other
ombustion emissions such as CO, NOx, black carbon and
ydrocarbon-like organic aerosols (HOA). The AMS can mea-
ure total organic aerosol mass concentrations, which compare
ell with organic carbon concentrations determined with

hermal-optical OC analyzers [27,55]. A procedure has recently
een demonstrated to extract the concentrations of hydrocarbon-
ike organic aerosols (HOA) and oxygenated organic aerosols
OOA) from AMS data in urban areas [46]. HOA are named
fter their fragmentation patterns, which are similar to those
f hydrocarbons, and in urban areas correlate well with com-
ustion tracers such as CO, NOx, and EC [56]. OOA spectra
re indicative of significant oxygen content and at least some
f the time they appear to be secondary organic aerosol (SOA)
56,57].

Ambient pollutant ratios have been used for many years in

ir pollution research as a way to summarize observed rela-
ionships, compare different locations, and evaluate emissions

odels [e.g., 58]. Since combustion sources are clearly an
mportant source of PAHs in Mexico City [18,59], the ratios
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ig. 5. Time series of AMS total modified APAH (APAH*, sum of APAH with
AH (SPAH) measurements during MCMA-2003. The correlation between APA

f their ambient concentrations to the main combustion tracer
pecies (HOA, black carbon, CO and NOx) represent the aver-
ge behavior of the sources in Mexico City and can be used to
ompare to other locations and/or laboratory experiments in the
uture. Thus, we have studied the correlation between APAH and
he tracers of traffic emissions during MCMA-2003. Fig. 6a–d
how the scatter plots between APAH and primary emissions
arkers, indicating a significant correlation as expected. The

lopes of the regression lines with the intercept fixed to zero
except for CO where the intercept is set to a background value

f 100 ppbv), that represent the average emission ratios of each
ollutant pair, between APAH and HOA, black carbon, CO and
Ox are 7.1 ng �g−1, 13.8 ng �g−1, 35.1 ng m−3 ppmv−1 and
.79 ng m−3 ppbv−1, respectively.

a
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t
d

ig. 6. Scatter plots between APAH and primary emissions markers for the whole M
f 656 points). The slopes of the regression line, forced through zero for all the corr
etween APAH and HOA, black carbon, CO and NOx are indicative of emission ratio
cular weights 202, 226 + 228, 250 + 252, 276 + 278 and 300 + 302) and specific
nd SPAH is shown in a scatter plot (inner panel).

The total AMS PAH concentration and its contributing PAH
W groups have clear diurnal cycles, as illustrated in Fig. 7.

hree groups of APAHs were chosen as representative for PAHs
ith low, medium and high MW. The diurnal cycles of most
PAH resemble the CO diurnal pattern, while the APAHs of
Ws 202 and 216 resemble more the diurnal pattern of HOA.

hese measurements might be capturing a real difference in the
ime profiles of the PAHs of different MWs. It is known that
ifferent sources can emit different PAH mixtures and have dif-
erent diurnal activity patterns. For example gasoline vehicles

nd diesel trucks have different diurnal activity patterns [60]
nd PAH emission profiles [61,62], with gasoline vehicles emit-
ing a larger fraction of high molecular weight PAHs, while
iesels emit a larger fraction of the lower molecular weight

CMA-2003 1 hour averaged data (except for 2 outliers removed from the total
elations (except for CO where it is forced at a background level of 100 ppbv),
s of APAH to other primary pollutants.
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ig. 7. Diurnal cycles of selected individual PAH MW groups, AMS organic sp
ere chosen as representative for PAHs with low, medium and high MW. Organ
rganics” data: 209, 219, 232, 244, 257, 269, 282, and 294. These were chosen

AHs. Consistent with different gasoline and diesel activity
atterns, benzo[ghi]perylene (a marker of gasoline vehicles)
as high in the early morning and the ratio of methylphenan-

hrene/phenanthrene (a marker of diesel emissions) increased in
he day [18]. While benzo[ghi]perylene can also originate from
res and other sources, vehicles are expected to be the dominant
ource [63–69], especially given that the timing of peak concen-
rations corresponds to the morning rush hour period in Mexico
ity.

.3. Comparison of APAH to FPAH measurements
.3.1. Spectral and concentration intercomparisons
Listed in Table 1 are the concentrations of specific FPAH

uantified by GC–MS in the 7–11 a.m. morning filter sample

t
e
m
c

ig. 8. Comparison of FPAH Total PAH Spectrum and Q-AMS PAH (APAH) mass
as constructed from a total ion current (scanning mode) analysis of the PAH-conta
ere made for the ions shown, the GC peaks were integrated and the areas from the

AH Spectrum is presented as the sum of filter (black) and PUF (dashed). The PUF
/z value 202 for both spectra is set at 100%. Both spectra are scaled to the same he
uantitative comparisons (see Fig. 9e). Note that the quantifications listed in Table 1
ould account for differences in behavior of the individual PAHs during the sample p
and CO during MCMA-2003. APAHs with MWs 202, 250 + 252 and 300 + 302
nals from the following m/z values are added together to produce the “high m/z
eir very low likelihood to contain PAH fragments.

rom April 29, 2003. The most abundant PAH observed was
enzo[ghi]perylene, a marker of gasoline vehicle emissions [18].
ased on these measured concentrations for the filter and sum-
ing all isomers, the most abundant ion peaks expected in the
MS spectra would be m/z 276 and m/z 252, followed closely
y m/z 228 and m/z 226. Each of these ion peaks is indeed
resent in the Q-AMS spectra. Fig. 8 shows the comparison of
reconstructed “FPAH Total PAH Spectrum” (see figure cap-

ion for details) and Q-AMS PAH mass spectra for this period.
he FPAH Spectrum is presented as the sum of filter (black)
lus a fraction of the PUF signal estimated from partitioning

heory [51] (dashed). One possible explanation for the differ-
nces in measured individual FPAH and APAH, discussed in
ore detail throughout this section, might be that some filter-

ollected PAH are volatilizing off the filter during collection

spectra for April 29, 2003 from 7 to 11 a.m. The FPAH Total PAH Spectrum
ining HPLC fraction of the ambient filter extract. Selected ion chromatograms
peaks attributed to the PAHs listed in Table 1 were summed. The FPAH Total
data are available for FPAHs with molecular weight 202 and 216. The peak at
ight of PAH ions at m/z value 276 since these groups show good agreement in
were made based on the addition of deuterated-PAH internal standards which
reparation and also differences in response in the GC/MS analysis.
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nd are being collected on the downstream PUF plugs, espe-
ially for more volatile, low MW PAHs such as ones with
W 202 and 216. Thus, in order to estimate the contribution

f FPAHs with MW 202 and 216 to the FPAH Total Spec-
rum we have used partitioning theory [51] and applied it to
he sum of filter + PUF FPAH mass concentrations measured in
he field. We used the average temperature (19 ◦C) and the aver-
ge organic mass measured (35 �g m−3) at the time of sampling
nd an assumed activity coefficient of 1. The calculated percent
f particle-phase partitioning for pyrene (MW = 202) and 2,3-
enzofluorene (MW = 216) is 49% and 96%, respectively. It is
bvious from Table 1 that the majority of the MW 202 and 216
pecies were measured on the PUFs, confirming a volatilization
rtifact. The PUF data (dashed) in Fig. 8 are thus calculated as the
PAHs with MW 202 and 216 that would be in the particle-phase

n the atmosphere, but have been blown to the PUF plugs (as
pposed to PAH species with MW 202 and 216 that would any-
ow be present in the gas phase). There is a correlation between
he two spectra with an r2 of 0.64. The correlation between the
ame FPAH Total Spectrum and the unprocessed Q-AMS ambi-
nt 7 a.m.–11 a.m. data (PAH + non-PAH organics) results in a
ignificantly lower r2 of 0.23. We have normalized the spectra so
hat PAH ions at 276 are at the same height, since these groups
how good agreement in quantitative comparisons (see below).
he Q-AMS PAH spectrum shows higher relative abundance
f ions attributed to PAHs with MWs 216, 226, 240, 250 and
64 + 266. It should be noted, however, that the [M − H] base
eaks at m/z 215 and 239 are higher, relative to the observed
olecular ions, than expected, for example, the Q-AMS spec-

rum of 2,3-benzofluorene in Fig. 1c shows m/z 215 as the base
eak and m/z 216 at 70% relative abundance. All of those o-
AHs have a non-aromatic part in the molecule. Thus, they will
e more reactive and prone to filter reactions, such as ozone
xidation, and as described in detail below. It also shows higher
ignal at MW 202 for the AMS, as discussed below.

We now present comparisons for all points in time for which
oth APAH and FPAH data exist. To properly compare PAH
easured by the two techniques, we have averaged the APAH

ata onto the four FPAH filter sampling time periods. The com-
arison of Q-AMS APAH versus filter-collected FPAH, shown
n Fig. 9 and Figure SI-8, reveals different results for the differ-
nt PAH groups. There are only four filter samples that overlap
ith Q-AMS data. Comparison of PAH groups with MWs of
02 (r2 = 0.74), 226 + 228 (r2 = 0.99), 250 + 252 (r2 = 0.96), and
76 + 278 (r2 = 0.80) in Fig. 9 reveals good correlation; on the
ther hand, the correlation in individual PAH MW groups is
ower for PAHs with MWs 216 (r2 = 0.11), 240 + 242 (r2 = 0.46)
nd 300 + 302 (r2 = 0.63). Although for all PAH MW groups
PAH and FPAH mass concentrations are of the same order, the

atios of the concentrations reported by the two techniques vary
ignificantly, as suggested by the previous comparison in Fig. 8.
or example, while the average measured APAH with MW of
26 + 228 and 250 + 252 are both highly correlated to the FPAH

ith the same molecular weight, the slopes of the regressions are

ignificantly different. All the Q-AMS mass spectra averaged for
he FPAH filter-sampling periods are given in the Figure SI-9.
-AMS APAH measurements tend to be larger than the FPAH

f
w
l
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f MW 252 and smaller, while the reported concentrations are
imilar for those of MW 276 and 300. Some of these discrepan-
ies may be explained by reaction of some PAHs in the filters as
escribed below.

.3.2. Interpretation of the intercomparisons
In the FPAH sampling set-up, there were two polyurethane

oam plugs in series beneath the filter and no attempt was made
o remove ozone prior to sampling. To investigate the extent of
ossible volatilization of more volatile, low MW PAHs (MW
02 and 216) from the filter to the downstream PUF plugs dur-
ng PAH filter-collection, we have also compared in Fig. 9b and
igure SI-8a the total measured FPAH with MW 202 and 216,
espectively, as the sum of FPAH (filter + PUF). This procedure
ight be over-estimating the particulate PAHs, but all of them

hould be captured, and an upper limit (filter + PUF) and a lower
imit (filter-only) can be compared. Finally, in order to obtain
he best estimate of the contribution of FPAHs with MW 202
nd 216 to the total particulate PAH mass loadings we have
sed partitioning theory (as described above) and applied it to
he measured sum of filter + PUF FPAH. The calculated per-
ent of particle-phase partitioning for pyrene (MW = 202) and
,3-benzofluorene (MW = 216) is in the range of 20–49% and
7–96%, respectively. The FPAH filter + PUF total is closer to
PAH values in both cases. These results indicate that, espe-

ially for the MW 202 PAHs, volatilization of PAHs from filters
ould account for some of the discrepancy between APAH and
PAH.

Another potential source of differences between these two
easurements is chemical degradation of PAHs in/on the filters.
ignificant degradation, beyond what occurs in the atmosphere
nd would be common to both the APAH and FPAH, may occur
uring filter sampling and may reduce the measured concentra-
ions of some FPAHs by a factor of 2 or more [70,71]. The extent
f degradation during filter sampling will depend upon the con-
entration of atmospheric oxidants such as ozone, the length of
he sampling period, and the reactivity of the individual PAHs.
n order to estimate the degree of possible FPAH degradation
uring MCMA-2003 filter sampling we calculated the average
zone concentrations for all the FPAH sampling periods and
pplied a degradation estimation method developed by Schauer
t al. [70] to FPAH. The results of it are presented in Fig. 9 as the
PAH positive error bars. Reactions in the filters may explain a
ignificant fraction of the differences between FPAH and APAH.
or the PAHs with MW 216, 226 + 228, and 240 + 242 the FPAH
egradation as estimated with the method of Schauer et al. [70]
annot account for all the difference present.

A possible explanation for the remaining discrepancies is
he presence of significant concentrations of individual PAH of
igher reactivity than those captured in the treatment of Schauer
t al. [70]. Kalberer et al. [11] report that o-PAHs degrade
aster in the atmosphere than fully benzenoid PAHs, which may
xplain the larger discrepancies for 216 and 240 + 242.
By analogy with acenaphthylene [72], PAHs with cyclopenta-
used rings containing a double bond will be very reactive
ith ozone. Such reactive PAHs would include acephenanthry-

ene, cyclopenta[cd]pyrene and dicyclopenta[cd,mn]pyrene (see
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Fig. 9. Comparisons of selected individual FPAH and APAH. The mass concentrations time series is shown for the measured FPAH with MW 252 (all the FPAH
mentioned in the text are also given in Table 2) and APAH with MW of 250 + 252. The scatter plots show correlations between FPAH and APAH with molecular
weights of 202, 226 + 228, 250 + 252 and 276 + 278 (note that for the comparison of PAHs with main MW 252 and 276, we are comparing FPAHs with MW 252 and
276 to APAHs with MW 250 + 252 and 276 + 278, respectively). For the FPAH with molecular weight 202, two types of samples are shown: FPAH samples collected
on filter (cross) and the sum of FPAH samples collected on filter + PUF (circle), both with eight data points. There are only four APAH points that overlap with filter
and PUF samples. For the comparison of PAHs with MW 202 filter and PUF samples are represented in two ways: full circles show the sum of filter + PUF mass
concentration as collected in the field, and empty circles show the results of applying the partitioning theory [51] and the average MCMA-2003 conditions for FPAH
fi equat
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lter collection periods to the sum of filter + PUF mass concentrations. The line
anel. Filter FPAH data (crosses): FPAH202 = (0.24 ± 0.04) × APAH202; Partiti
egression lines have the intercept forced through zero.

able 1 for structures). Rapid degradation of acephenanthry-
ene would contribute to the differences observed at m/z 202.
n the spectra comparison in Fig. 8, the Q-AMS m/z 226 and
/z 250 ions are very elevated over what would be expected
ased on the GC–MS FPAH analysis. The ion peak at m/z
26 will contain contributions from both the molecular ions of
yclopenta[cd]pyrene and benzo[ghi]fluoranthene (MW = 226)
nd from the [M − H2] ions from benz[a]anthracene, chrysene
nd triphenylene (MW = 228). So there are two possible explana-
ions for the high m/z 226 and m/z 250 peaks: (1) higher [M − H2]
ragmentation in Q-AMS relative to the standard GC–MS EI
ystem used for the FPAH analysis, or (2) PAHs of MW 226
nd 250 were present in the ambient particles, but degraded dur-
ng the FPAH sampling. Although the Q-AMS spectra shown

n Fig. 1 and the Supplemental Information do show enhanced
M − H2] peaks in the Q-AMS relative to the NIST spectra,
he large differences seen in Fig. 8 clearly support the second
xplanation.

a
o
c
P

ions for the comparisons of PAHs with MW 202 are given here, due to the busy
filter + PUF data (empty circles): FPAH202 = (0.41 ± 0.13) × APAH202. All the

Based upon the GC–MS data, the concentrations of the
W 228 species and the MW 226 species were about equal

∼4 ng m−3) for the morning sample on April 29, 2003
Table 1 and Fig. 8). Cyclopenta[cd]pyrene was slightly higher
han benzo[ghi]fluoranthene in this morning sample, but gen-
rally the relative abundances were reversed, especially in
he afternoon samples when ozone was elevated [73]. As
oted above, the double bond in the cyclopenta-fused ring
f cyclopenta[cd]pyrene is expected to be very reactive, and
apid decay of cyclopenta[cd]pyrene in the atmosphere has
een reported [74,75]. As suggested from the propane flame
pectrum shown here (Fig. 2), certain flames contain abun-
ant cyclopenta[cd]pyrene [76,77]. It seems likely, therefore,
hat more of this very labile compound was present in the

mbient air than was measured in the FPAH sample collected
ver several hours and that, at least in the MCMA-2003,
yclopenta[cd]pyrene may be more abundant than the MW 228
AH species. If confirmed, this is an important finding because
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yclopenta[cd]pyrene has been shown to contribute significantly
o the human cell mutagenicity of ambient particles [4,78].
urthermore, cyclopenta[cd]pyrene is carcinogenic in animal
tudies and has been classified as a “probable human carcinogen”
t a recent IARC evaluation [5].

While cyclopenta[cd]pyrene has previously been reported
n ambient samples, it is generally significantly less abundant
han the MW 228 species [79,80], and to our knowledge no

olecular weight 250 species has been reported in ambient sam-
les. Molecular weight 250 species were reported in fuel-rich
thene flames [81], and Lafleur et al. [82] identified three dicy-
lopentapyrenes along with corannulene in “fullerene-deficient”
ames. In “fullerene-forming” flames, such as benzene flames,
orannulene was the only MW 250 PAH observed and its con-
entration was less than the MW 252 species observed [82].
C–MS analysis of the April 29, 2003 morning filter sample

howed a single very small MW 250 peak, which based on its
lution order relative to the more abundant MW 252 species [82]
s assigned to corannulene. So once again, the Q-AMS may be
etecting very labile compounds, namely dicyclopentapyrenes,
hich are not detected in the filter samples.
It will be important to determine whether these cyclopenta-

used compounds are unique to the MCMA or if they are

ore universally distributed, but degraded during filter sam-

ling. It should be noted that a marker of plastics combustion,
,3,5-triphenylbenzene [83] was found in the MCMA FPAH
amples, suggesting that although traffic is a dominant source

i
c
P
d

ig. 10. MCMA-2003 average size distributions of APAHs with molecular weights 2
nd nitrate for the following time periods: (a) shows the average MCMA-2003 size di
CMA-2003 2 p.m.–6 p.m. periods. Selected m/z’s 202 and 226 were scanned from

anges to facilitate their direct comparison.
ass Spectrometry 263 (2007) 152–170 167

f PAHs in the MCMA, uncontrolled burning also makes a
ignificant contribution [18]. While benzo[a]pyrene is undoubt-
dly a PAH subject to degradation by ozone or other oxidants
70,71], the isomeric benzofluoranthenes and benzo[e]pyrene
re less reactive and the MW 252 species, as well as the MW
76 species show reasonable agreement between the FPAH and
he APAH.

In summary, the comparisons show agreement for some PAH
roups and higher APAH than FPAH concentrations for others.
egradation of the filter samples due to reaction with atmo-

pheric oxidants, and to a lesser extent volatilization of the
ighter FPAHs, may account for most of the differences. Fur-
her laboratory and field intercomparisons are needed in order
o clarify whether reaction can account for all the observed dis-
greements, including filter sampling for short times and/or with
denuder to remove ozone. Additionally, the m/z 215 and m/z
39 ambient signals need to be verified as signals for PAHs of
W 216 and 240 with the high-resolution ToF-AMS.

.4. Estimated size distributions of PAHs during
CMA-2003

The measurement of PAH size distributions is of interest as

t can provide insights into the sources and microphysical pro-
esses of these species [e.g., 84]. One advantage of the AMS
AH measurements is that the AMS can also provide the size
istributions of individual m/z ions with high time resolution,

02 and 226 are compared with Q-AMS-measured total organics, HOA, OOA,
stributions, (b) shows all MCMA-2003 5 a.m.–9 a.m. periods, and (c) shows all
April 9, 2003 at 11:10 p.m. All three panels in this Figure have the same axis
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hich are not easily obtainable with the other two methods.
owever only a limited number of m/z values can be scanned

n the particle time-of-flight (PToF) mode of the Q-AMS used
n Mexico City, as there is a tradeoff between this number and
he duty cycle/signal-to-noise of the selected m/z’s [23]. Dur-
ng MCMA-2003 two m/z’s corresponding to PAH molecular
ons were scanned: m/z’s 202 and 226. Note that in this case
t is not possible to perform the interference subtraction proce-
ure described above for the mass spectral signals, since the size
istributions of the surrounding m/z’s are not available for this
tudy. Thus, the recorded size distributions are an average of
hose from the PAHs and the non-PAH organics producing sig-
als at the same m/z’s, in about 50/50 proportions. To determine
he PAH-only size distribution, we have estimated and subtracted
he size distribution of non-PAH organics at those two m/z’s. The
OA/OOA deconvolution procedure [46] was used to quantify

he percent of the non-PAH organic signal at m/z 202 and 226
hat is due to HOA and OOA. The non-PAH organic size distri-
utions at m/z 202 and 226 were then estimated using the size
istributions of HOA and OOA, weighed by the contributions
f these two groups of species to each m/z.

The results of this procedure are shown in Fig. 10. Fig. 10a
ompares the MCMA-2003 average size distributions for
AHs with MWs 202 and 226, with those of total organ-
cs, hydrocarbon-like (HOA) and oxygenated (OOA) organic
erosols. Nitrate is also shown in order to represent the inor-
anic species, since most inorganic species have very similar
ize distributions to that of nitrate during MCMA-2003 [36].
he average size distributions of PAHs with MWs 202 and 226
re broad, with maxima between 300 and 400 nm. Fig. 10b and
show the comparison of the size distributions of PAHs with
Ws 202 and 226 averaged over selected time periods during

ach day of MCMA-2003. The two periods selected are from
a.m. to 9 a.m., corresponding to times when PAHs are intensely
mitted during the rush hour and trapped by the relatively low
oundary layer, and from 2 p.m. to 6 p.m., representative of the
owest PAH concentration periods. A noticeable difference is
he higher concentration of PAHs with MW 202 and 226 in
maller particles (between 100 and 250 nm) during the early
orning, which is expected since fresh traffic emission particles

xtend into low vacuum aerodynamic diameters (dva) [56]. The
arly morning PAH size distributions resemble more HOA than
OA size distributions, indicating again that the PAH sources are
ore associated with the HOA sources. During afternoon times

he distributions shift to larger diameters, which is observed for
ll species in the city, likely due to condensation of secondary
pecies and coagulation [36]. The early morning size distribu-
ions of PAHs with MWs 202 and 226 have a different maximum:
hile PAHs with MW 202 peak around 350 nm, PAHs with MW
26 peak around 200 nm. This may be due to differences in the
ources of these PAHs, as suggested by the differences in the
iurnal cycles above.
. Conclusions

This paper reports the quantification of PAHs in ambient air
sing a real-time aerosol mass spectrometer for the first time.

a
i
F
s

ass Spectrometry 263 (2007) 152–170

he Q-AMS spectra of pure PAH standards are similar to those
n the NIST database, albeit with larger fragmentation. We have
eveloped a quantification procedure, including a background
ubtraction method that allows us to remove the interferences
rom non-PAH organics on m/z values with PAH contributions.

ultiple tests have been applied to the ambient data that confirm
he ability of our method to separate the PAH signals from those
f non-PAH species. Based on comparisons with laboratory Q-
MS and NIST database spectra of PAH standards, the Q-AMS

s capable of measuring particulate PAH in ambient air, with an
stimated uncertainty of +35% and −38%.

The time series of SPAH and total modified APAH (APAH*)
easurements during MCMA-2003 are generally well corre-

ated. Correlation between APAH and primary emissions mark-
rs is also observed. For the average of the whole MCMA-2003,
he slopes of the regression lines, which are indicative of APAH
missions ratios, between APAH and HOA, black carbon, CO
nd NOx are 7.1 ng �g−1, 13.8 ng �g−1, 35.1 ng m−3 ppmv−1

nd 0.79 ng m−3 ppbv−1, respectively. The Q-AMS and fil-
er + GC–MS measurements are compared in detail. The
omparisons show agreement for some PAH groups and higher
PAH than FPAH concentrations for others. Degradation of the
lter samples due to reaction with atmospheric oxidants, and to a

esser extent volatilization of the lighter FPAHs, may account for
ost of the differences. This issue needs to be further explored

y laboratory and additional field intercomparisons of the two
echniques. Some of the discrepancies suggest the presence of
ighly reactive PAHs such as cyclopenta[cd]pyrene and dicy-
lopentapyrenes, which would be sampled by the Q-AMS but
ould be degraded in the filter sampler, and which would be
mportant due to their potential health effects.
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Supplementary Information Section 1 

Appendix 1. Subtraction Procedure of Non-PAH Organic Signal 2 

Here we explain the estimation procedure of the coefficients in the “fragmentation 3 

tables” for PAHs used with the AMS data analysis software [50] and give an example of 4 

how the coefficients are calculated. The “Fragmentation tables” used in this study are 5 

given and described in Appendix 2. We calculate the background organic signal at the 6 

m/z values of PAHs using a weighted average of the signals at adjacent non-PAH organic 7 

peaks. The weighing accounts for the different distances between the surrounding organic 8 

signals and the each PAH m/z. The weight for each surrounding organic signal was found 9 

by taking the absolute value of the reciprocal difference in the peak distance. All the 10 

coefficients were then normalized to sum to one.  11 

Here we give an example for the mathematical formulation of the weighted 12 

average used to find the non-PAH organic signal value at m/z 202. The non-PAH organic 13 

signal at m/z 202 is estimated by weighting the organic signal at m/z values 194, 196, 204 14 

and 206. We define the organic, PAH and total signal at a given m/z value as Org[m/z], 15 

PAH[m/z] and Total[m/z], respectively. The background organic signals used to find the 16 

non-PAH organic signal at m/z 202 are Org[194], Org[196], Org[204] and Org[206]. The 17 

coefficients associated with each surrounding organic signal are C[194], C[196], C[204] 18 

and C[206]. The mathematical formulae used to find the coefficients associated with each 19 

surrounding organic signal for non-PAH organic signal at m/z 202 are:  20 

[ ] 143.0
1194202

1194' =
−−

=C    (Eq. 1) 21 

[ ] 143.0
1196202

1196' =
+−

=C    (Eq. 2) 22 
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[ ] 333.0
1204202

1204' =
−−

=C    (Eq. 3) 23 

[ ] 333.0
1206202

1206' =
+−

=C    (Eq. 4) 24 

The sum of C’ coefficients is found and used to normalize each C’ coefficient to sum to 25 

one: 26 

[ ] [ ] [ ] [ ] 0.952206'204'196'194' =+++ CCCC    (Eq. 5) 27 

[ ] [ ] 15.0
952.0
194'194 ==

CC     (Eq. 6) 28 

[ ] [ ] 15.0
952.0
196'196 ==

CC     (Eq. 7) 29 

[ ] [ ] 35.0
952.0
204'204 ==

CC     (Eq. 8) 30 

[ ] [ ] 35.0
952.0
206'206 ==

CC     (Eq. 9) 31 

 32 

Finally, the non-PAH organic signal at m/z 202 is defined as:  33 

[ ] [ ] [ ] [ ] [ ]20635.020435.019615.019415.0202 OrgOrgOrgOrgOrg ∗+∗+∗+∗=   34 

          (Eq. 10) 35 

 36 
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Appendix 2. 37 

“Fragmentation tables” are used with the AMS data analysis software [50] to 38 

encode the subtraction procedure for the organics and PAHs at the m/z values relevant to 39 

AMS PAH analysis. The “fragmentation table” defines the AMS MS signals where Org 40 

is organic, and Total is the total signal at each m/z value (equal to the sum of the PAH 41 

and organic signals at that m/z value). The number in the square parenthesis following 42 

Org, PAH or Total refers to the m/z value of the AMS MS signal. In the Igor syntax for 43 

fragmentation tables, Org, PAH and Total used here are replaced with “frag_organic”, 44 

“frag_PAH” and “m/z number value”, respectively, while the + signs used here are 45 

replaced by “,”.  46 

m/z Organic PAH 
198 0.35*Org[194]+0.35*Org[196]+0.15*Org[204]+0.15*Org[206] Total[198]-Org[198] 
199 0.35*Org[195]+0.35*Org[197]+0.15*Org[205]+0.15*Org[207] Total[199]-Org[199] 
200 0.25*Org[194]+0.25*Org[196]+0.25*Org[204]+0.25*Org[206] Total[200]-Org[200] 
201 0.25*Org[195]+0.25*Org[197]+0.25*Org[205]+0.25*Org[207] Total[201]-Org[201] 
202 0.15*Org[194]+0.15*Org[196]+0.35*Org[204]+0.35*Org[206] Total[202]-Org[202] 
203 Total[203]-PAH[203] 16*0.011*PAH[202] 
212 0.35*Org[208]+0.35*Org[210]+0.15*Org[218]+0.15*Org[220] Total[212]-Org[212] 
213 0.35*Org[209]+0.35*Org[211]+0.15*Org[219]+0.15*Org[221] Total[213]-Org[213] 
214 0.25*Org[208]+0.25*Org[210]+0.25*Org[218]+0.25*Org[220] Total[214]-Org[214] 
215 0.25*Org[209]+0.25*Org[211]+0.25*Org[219]+0.25*Org[221] Total[215]-Org[215] 
216 0.15*Org[208]+0.15*Org[210]+0.35*Org[218]+0.35*Org[220] Total[216]-Org[216] 
217 Total[217]-PAH[217] 17*0.011*PAH[216] 
222 0.37*Org[218]+0.37*Org[220]+0.13*Org[230]+0.13*Org[232] Total[222]-Org[222] 
223 0.37*Org[219]+0.37*Org[221]+0.13*Org[231]+0.13*Org[233] Total[223]-Org[223] 
224 0.29*Org[218]+0.29*Org[220]+0.21*Org[230]+0.21*Org[232] Total[224]-Org[224] 
225 0.29*Org[219]+0.29*Org[221]+0.21*Org[231]+0.21*Org[233] Total[225]-Org[225] 
226 0.21*Org[218]+0.21*Org[220]+0.29*Org[230]+0.29*Org[232] Total[226]-Org[226] 
227 0.21*Org[219]+0.21*Org[221]+0.29*Org[231]+0.29*Org[233] Total[227]-Org[227] 
228 0.13*Org[218]+0.13*Org[220]+0.37*Org[230]+0.37*Org[232] Total[228]-Org[228] 
229 Total[229]-PAH[229] 18*0.011*PAH[228] 
236 0.36*Org[232]+0.36*Org[234]+0.14*Org[244]+0.14*Org[244] Total[236]-Org[236] 
237 0.36*Org[233]+0.36*Org[235]+0.14*Org[245]+0.14*Org[245] Total[237]-Org[237] 
238 0.27*Org[232]+0.27*Org[234]+0.23*Org[244]+0.23*Org[244] Total[238]-Org[238] 
239 0.27*Org[233]+0.27*Org[235]+0.23*Org[245]+0.23*Org[245] Total[239]-Org[239] 
240 0.18*Org[232]+0.18*Org[234]+0.32*Org[244]+0.32*Org[244] Total[240]-Org[240] 
241 0.18*Org[233]+0.18*Org[235]+0.32*Org[245]+0.32*Org[245] Total[241]-Org[241] 
242 0.09*Org[232]+0.09*Org[234]+0.41*Org[244]+0.41*Org[244] Total[242]-Org[242] 
243 Total[243]-PAH[243] 19*0.011*PAH[242] 
246 0.41*Org[244]+0.41*Org[244]+0.09*Org[254]+0.09*Org[256] Total[246]-Org[246] 
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247 0.41*Org[245]+0.41*Org[245]+0.09*Org[255]+0.09*Org[257] Total[247]-Org[247] 
248 0.32*Org[244]+0.32*Org[244]+0.18*Org[254]+0.18*Org[256] Total[248]-Org[248] 
249 0.32*Org[245]+0.32*Org[245]+0.18*Org[255]+0.18*Org[257] Total[249]-Org[249] 
250 0.23*Org[244]+0.23*Org[244]+0.27*Org[254]+0.27*Org[256] Total[250]-Org[250] 
251 0.23*Org[245]+0.23*Org[245]+0.27*Org[255]+0.27*Org[257] Total[251]-Org[251] 
252 0.14*Org[244]+0.14*Org[244]+0.36*Org[254]+0.36*Org[256] Total[252]-Org[252] 
253 Total[253]-PAH[253] 20*0.011*PAH[252] 
260 0.37*Org[256]+0.37*Org[258]+0.13*Org[268]+0.13*Org[270] Total[260]-Org[260] 
261 0.37*Org[257]+0.37*Org[259]+0.13*Org[269]+0.13*Org[271] Total[261]-Org[261] 
262 0.29*Org[256]+0.29*Org[258]+0.21*Org[268]+0.21*Org[270] Total[262]-Org[262] 
263 0.29*Org[257]+0.29*Org[259]+0.21*Org[269]+0.21*Org[271] Total[263]-Org[263] 
264 0.21*Org[256]+0.21*Org[258]+0.29*Org[268]+0.29*Org[270] Total[264]-Org[264] 
265 0.21*Org[257]+0.21*Org[259]+0.29*Org[269]+0.29*Org[271] Total[265]-Org[265] 
266 0.13*Org[256]+0.13*Org[258]+0.37*Org[268]+0.37*Org[270] Total[266]-Org[266] 
267 Total[267]-PAH[267] 21*0.011*PAH[266] 
272 0.38*Org[268]+0.38*Org[270]+0.12*Org[282]+0.12*Org[282] Total[272]-Org[272] 
273 0.38*Org[269]+0.38*Org[271]+0.12*Org[271]+0.12*Org[283] Total[273]-Org[273] 
274 0.31*Org[268]+0.31*Org[270]+0.19*Org[282]+0.19*Org[282] Total[274]-Org[274] 
275 0.31*Org[269]+0.31*Org[271]+0.19*Org[271]+0.19*Org[283] Total[275]-Org[275] 
276 0.23*Org[268]+0.23*Org[270]+0.27*Org[282]+0.27*Org[282] Total[276]-Org[276] 
277 0.23*Org[269]+0.23*Org[271]+0.27*Org[271]+0.27*Org[283] Total[277]-Org[277] 
278 0.15*Org[268]+0.15*Org[270]+0.35*Org[282]+0.35*Org[282] Total[278]-Org[278] 
279 Total[279]-PAH[279] 22*0.011*PAH[278] 
284 0.41*Org[282]+0.41*Org[282]+0.09*Org[292]+0.09*Org[294] Total[284]-Org[284] 
285 0.41*Org[283]+0.41*Org[283]+0.09*Org[293]+0.09*Org[295] Total[285]-Org[285] 
286 0.32*Org[282]+0.32*Org[282]+0.18*Org[292]+0.18*Org[294] Total[286]-Org[286] 
287 0.32*Org[283]+0.32*Org[283]+0.18*Org[293]+0.18*Org[295] Total[287]-Org[287] 
288 0.23*Org[282]+0.23*Org[282]+0.27*Org[292]+0.27*Org[294] Total[288]-Org[288] 
289 0.23*Org[283]+0.23*Org[283]+0.27*Org[293]+0.27*Org[295] Total[289]-Org[289] 
290 0.14*Org[282]+0.14*Org[282]+0.36*Org[292]+0.36*Org[294] Total[290]-Org[290] 
291 Total[291]-PAH[291] 23*0.011*PAH[290] 
296 0.37*Org[292]+0.37*Org[294]+0.13* Org[304]+0.13*Org[306] Total[296]-Org[296] 
297 0.37*Org[293]+0.37*Org[295]+0.13* Org[305]+0.13*Org[307] Total[297]-Org[297] 
298 0.29*Org[292]+0.29*Org[294]+0.21* Org[304]+0.21*Org[306] Total[298]-Org[298] 
299 0.29*Org[293]+0.29*Org[295]+0.21* Org[305]+0.21*Org[307] Total[299]-Org[299] 
300 0.21*Org[292]+0.21*Org[294]+0.29* Org[304]+0.29*Org[306] Total[300]-Org[300] 
301 0.21*Org[293]+0.21*Org[295]+0.29* Org[305]+0.29*Org[307] Total[301]-Org[301] 
302 0.13*Org[292]+0.13*Org[294]+0.37* Org[304]+0.37*Org[306] Total[302]-Org[302] 
303 Total[303]-PAH[303] 24*0.011*PAH[302] 
312 0.35*Org[308]+0.35*Org[310]+0.15* Org[318]+0.15*Org[320] Total[312]-Org[312] 
313 0.35*Org[309]+0.35*Org[311]+0.15* Org[319]+0.15*Org[321] Total[313]-Org[313] 
314 0.25*Org[308]+0.25*Org[310]+0.25* Org[318]+0.25*Org[320] Total[314]-Org[314] 
315 0.25*Org[309]+0.25*Org[311]+0.25* Org[319]+0.25*Org[321] Total[315]-Org[315] 
316 0.15*Org[308]+0.15*Org[310]+0.35* Org[318]+0.35*Org[320] Total[316]-Org[316] 
317 Total[317]-PAH[317] 25*0.011*PAH[316] 
322 0.36*Org[318]+0.36*Org[320]+0.14* Org[330]+0.14*Org[330] Total[322]-Org[322] 
323 0.17*Org[319]+0.17*Org[319]+0.33* Org[321]+0.33*Org[321] Total[323]-Org[323] 
324 0.27*Org[318]+0.27*Org[320]+0.23* Org[330]+0.23*Org[330] Total[324]-Org[324] 
325 0.20*Org[319]+0.20*Org[319]+0.30* Org[321]+0.30*Org[321] Total[325]-Org[325] 
326 0.18*Org[318]+0.18*Org[320]+0.32* Org[330]+0.32*Org[330] Total[326]-Org[326] 
327 0.21*Org[319]+0.21*Org[319]+0.29* Org[321]+0.29*Org[321] Total[327]-Org[327] 
328 0.09*Org[318]+0.09*Org[320]+0.41* Org[330]+0.41*Org[330] Total[328]-Org[328] 
329 Total[329]-PAH[329] 26*0.011*PAH[328] 
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Several groups of PAH peaks do not have four different non-PAH organic signal 47 

used to define the organic signal at the m/z values of PAHs due to the lack of available 48 

non-PAH organic signals. Those groups of peaks are the following (reason for including 49 

less groups of peaks is in the parenthesis):  50 

- 240+242 (only one even and one odd non-PAH organic signal available at m/z values 51 

244 and 245) 52 

- 250+252 (only one even and one odd non-PAH organic signal available at m/z values 53 

244 and 245) 54 

- 276+278 (strong aerosol signal in some cases coming from phthalates at m/z values 280 55 

and 281 makes them unsuitable for our purposes as they do not fit the pattern of a slowly 56 

decaying non-PAH organic signal; thus, only one even and one odd non-PAH organic 57 

signal are available at m/z values 282 and 283) 58 

- 288+290 (strong aerosol signal coming from phthalates at m/z values 280 and 281 59 

makes them unavailable to use; thus, only one even and one odd non-PAH organic signal 60 

are available at m/z values 282 and 283) 61 

- 326+328 (signal was not recorded beyond m/z 330; thus, only one even non-PAH 62 

organic signal is available at m/z value 330, and total of only two odd non-PAH organic 63 

signals are available at m/z values 319 and 321) 64 

 65 

This fragmentation table for organics and PAHs can be downloaded from: 66 

http://cires.colorado.edu/jimenez-group/SI/ 67 

(Please note that there are two sets of fragmentation tables available depending on the 68 

maximum m/z scanned: one that goes up to m/z 301 and one that goes up to m/z 331.) 69 
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Appendix 3. 70 

We have developed a rigorous estimate of the uncertainty due to the subtraction 71 

procedure, based on the propagation of uncertainty from the estimated noise in each m/z 72 

(from Allan et al. [54]). We used the uncertainty propagation to calculate the 73 

uncertainties associated with each group of APAH peaks, and with the total and modified 74 

total PAH (APAH and APAH*, respectively). 75 

The uncertainty propagation follows from the mass concentration of the single m/z value 76 

APAH peak defined as: 77 

]z/m[Org]z/m[Total]z/m[PAH −=    (Eq. 11) 78 

44332211 ]z/m[OrgC]z/m[OrgC]z/m[OrgC]z/m[OrgC]z/m[Org ∗+∗+∗+∗=  79 

          (Eq. 12) 80 

where Org[m/z], PAH[m/z] and Total[m/z] are organic, PAH and total signal at a given 81 

m/z value, respectively. C1, C2, C3 and C4 are the weighting coefficients used to get the 82 

non-PAH organic average at certain PAH m/z value, as described in Appendix 1. 83 

To obtain the mass concentration for the group of APAH peaks with the same molecular 84 

weight, the signal from all m/z values needs to be added together:  85 

∑=
z/m

GROUP ]z/m[PAHPAH      (Eq. 13) 86 

Finally, to obtain the total and modified total PAH mass concentrations of all the PAH 87 

groups of peaks and modified groups of peaks, respectively, are added together:  88 

∑=
GROUPSALL

GROUPA PAHPAH      (Eq. 14) 89 

∑=
GROUPSMODIFIED

GROUPSMODIFIEDA PAHPAH *

    (Eq. 15) 90 
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where ALL GROUPS refers to the groups of APAH with MW 202, 216, 226+228, 91 

240+242, 250+252, 264+266, 276+278, 288+290, 300+302, 316 and 326+328, and 92 

MODIFIED GROUPS refers to the groups with MW 202, 226+228, 250+252, 276+278 93 

and 300+302.  94 

From the above definitions the uncertainty of single PAH peak, 2
]z/m[PAHσ , will be: 95 

2
]z/m[Org

2
4

2
]z/m[Org

2
3

2
]z/m[Org

2
2

2
]z/m[Org

2
1

2
]z/m[Total

2
]z/m[Org

2
]z/m[Total

2
]z/m[PAH 4321

CCCC σ+σ+σ+σ+σ=σ+σ=σ   96 

          (Eq. 16) 97 

The uncertainty of the group of PAH peaks with the same MW, 2
PAHGROUP

σ , will be: 98 

∑σ=σ
z/m

2
]z/m[PAH

2
PAHGROUP

     (Eq. 17) 99 

Finally, the uncertainty of the total and modified total PAH, 2
PAHA

σ and 2
PAH*

A
σ , 100 

respectively, will be: 101 

∑σ=σ
GROUPSALL

2
PAH

2
PAH GROUPA

     (Eq. 18) 102 

∑σ=σ
GROUPSMODIFIED

2
PAH

2
PAH GROUPMODIFIED*

A
    (Eq. 19) 103 

The PAH signals that are estimated as the 13C isotopic contribution from the PAH signal 104 

at their molecular ions (at m/z values 203, 217, 229, 243, 253, 267, 279, 291, 303, 317 105 

and 329) are calculated as: 106 

]1)C,z/m[(PAH011.0n]C,z/m[PAH 1313 −∗∗=   (Eq. 20) 107 

where n is the number of C atoms in a PAH. The uncertainty of the PAH signal at the 13C 108 

isotopic contribution m/z values (given above), 2
]C,z/m[PAH 13σ , is calculated as: 109 

2
]1)C,z/m[(PAH

222
]C,z/m[PAH 1313 011.0n

−
σ∗∗=σ    (Eq. 21) 110 
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Supplementary Information Figure captions 111 

 112 

Figure SI-1: Left: laboratory Q-AMS and NIST MS of triphenylene and 10-113 

methybenz[a]anthracene (abbreviated as 10-Mb[a]a in the scatter plot) standards. Right: 114 

scatter plots between the AMS and NIST database mass spectra of PAH standards. 115 

 116 

Figure SI-2: Left: laboratory Q-AMS and NIST MS of benzo[e]pyrene, 117 

benzo[ghi]perylene and coronene standards. Right: scatter plots between the AMS and 118 

NIST database mass spectra of PAH standards. 119 

 120 

Figure SI-3: The fraction of negative concentrations for the total and modified total 121 

APAH (APAH and APAH*, respectively), and for all the groups of PAHs with the same 122 

MW vs. their average total concentration. The molecular weights of PAHs clustered 123 

around the 40% fraction of negative PAHs are (from the ones with lowest to the highest 124 

fraction of negative PAHs): 264+266, 326+328, 316 and 288+290. All the data shown in 125 

Figure SI-3 can be found in Table 2. The analysis is done for the 4-points smoothed 4-126 

min data presented in this paper.  127 

 128 

Figure SI-4: Comparison of the molecular ion mass spectral regions for the NIST EI MS 129 

[39] and different Q-AMS PAH mass spectra. The abundance of the main peak in the 130 

spectra was set to 100% and other peaks were scaled accordingly. NIST EI and Q-AMS 131 

EI mass spectra for the PAHs with MWs of 202, 226, 252 and 276, for which the base 132 

peak is the molecular ion in all cases, are compared in Figures SI-4a, 4b, 4c, and 4d, 133 
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respectively. Shown are the ambient Q-AMS MS of the highest MCMA-2003 Q-AMS-134 

measured PAH mass concentrations during the early morning of April 13, 2003 (Figure 135 

3a), and the average MS of all 5 AM – 9 AM periods during MCMA-2003 (Figure 3b). 136 

Also shown are laboratory Q-AMS MS of selected groups of peaks for PAHs generated 137 

in laboratory propane flame study [19], c-ToF-AMS [28] at Aerodyne pyrene spectra [M. 138 

Northway, Aerodyne Research, personal communication, 2004], HR-ToF-AMS at CU-139 

Boulder [29] pyrene spectra, and a Q-AMS at CU-Boulder pyrene, benzo[e]pyrene and 140 

benzo[ghi]perylene spectra. Note that the laboratory Q-AMS and NIST database spectra, 141 

as opposed to the ambient Q-AMS spectra, do not have the subtraction procedure applied. 142 

 143 

Figure SI-5: Figures SI-5a, 5b, 5c and 5d compare the molecular ion mass spectral 144 

regions for the NIST EI MS [39] and different Q-AMS PAH mass spectra for the PAHs 145 

with MWs of 216, 228, 242 and 300, respectively. The base peak was set to 100% and 146 

other peaks were scaled accordingly. Shown in Figures SI-5a and SI-5d are the ambient 147 

Q-AMS MS of the highest MCMA-2003 Q-AMS-measured PAH mass concentrations 148 

during the early morning of April 13, 2003, and the average MS of all 5 AM – 9 AM 149 

periods during MCMA-2003. Also shown in Figures SI-5a and SI-5d are laboratory Q-150 

AMS MS of selected groups of peaks for PAHs generated in laboratory propane flame 151 

study [19] and a Q-AMS at CU-Boulder 1-methylpyrene, 2,3-benzofluorene and 152 

coronene spectra. Figures SI-5b and SI-5c compare only NIST and Q-AMS laboratory 153 

MS of pure PAH standards triphenylene (MW=228) and 10-methylbenz[a]anthracene 154 

(MW=242), respectively. Both of these PAHs are defined within the group of PAHs with 155 

2 molecular weights in the ambient data (PAHs with MW 226+228 and 240+242, 156 
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respectively), and the PAHs with the lower MW will give the strongest peak in the 157 

ambient MS (PAHs with MW 226 and 240, respectively). In Figures SI-5b and 5c 158 

ambient and flame laboratory Q-AMS MS are not shown, because the presence of strong 159 

peaks originating from PAHs with MWs 226 and 240 makes the figures hard to read due 160 

to reasons unrelated to the real degree of agreement. Note that the laboratory Q-AMS and 161 

NIST database spectra do not have the subtraction procedure applied. 162 

 163 

Figure SI-6: Degree of PAH fragmentation for Q-AMS and NIST laboratory PAH spectra 164 

vs molecular weight. Also shown is the constant fragmentation factor of 1.77 used in 165 

Marr et al. [18].  166 

 167 

Figure SI-7: Measured Q-AMS PAH relative ionization efficiencies (RIEs) vs PAH 168 

molecular weight (MW). Error bars were calculated as the uncertainties in the ionization 169 

efficiency relative to nitrate, in the number of particles counted, and in the particle mass 170 

and number concentration corrections. 171 

 172 

Figure SI-8: Comparisons of selected individual FPAH and APAH. The scatter plots 173 

show correlations between FPAH and APAH with molecular weights of 216, 240+242 174 

and 300+302 (note that for the comparison of PAHs with main MW 300, we are 175 

comparing FPAHs with MW 300 to APAHs with MW 300+302). For the FPAH with 176 

molecular weight 216, two types of samples are shown: FPAH samples collected on filter 177 

(cross) and the sum of FPAH samples collected on filter + PUF (circle), both with 8 data 178 

points. There are only 4 APAH points that overlap with filter and PUF samples. For the 179 
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comparison of PAHs with MW 216 filter and PUF samples are represented in two ways: 180 

full circles show the sum of filter + PUF mass concentration as collected in the field, and 181 

open circles show the results of applying partitioning theory [51] and the average 182 

MCMA-2003 conditions for FPAH filter collection periods to the sum of filter + PUF 183 

mass concentrations. The line equations for the comparisons of PAHs with MW 216 are 184 

given here: Filter FPAH data (crosses): FPAH216=(0.05±0.02)*APAH216; Partitioned 185 

filter + PUF data (open circles): FPAH216=(0.16±0.09)*APAH216. All the regression lines 186 

have the intercept forced through zero.  187 

 188 

Figure SI-9: Average Q-AMS mass spectra for the periods when Q-AMS sampling 189 

overlapped with FPAH filter sampling periods (April 27 and April 29, 2003). Same time 190 

periods FPAH and APAH mass concentrations are shown in Figures 9 and SI-8. 191 

 192 

 193 



 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-1 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-2 



 

 

 

 

 

 

 

 

 

 

Figure SI-3 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-4 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-5 

 



 

 

 

 

 

 

 

 

 

 

 

Figure SI-6 

 

 

 

 

 

 

 

 

Figure SI-7 



 

 

 

 

 

 

 

 

 

 

 

Figure SI-8 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-9 
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